Quasiclassical trajectory and quantum-mechanical scattering calculations are reported for the O͑ 3 P͒ +H 2 ͑X 1 ⌺ g + ; =1−3, j =0͒ → OH͑X 2 ⌸͒ +H͑ 2 S͒ reaction at energies close to the reaction threshold. The dynamics of the reaction have been investigated for zero total angular momentum using the lowest 3 A Љ potential-energy surface developed by Rogers et al. ͓J. Phys. Chem. A 104, 2308 ͑2000͔͒ and its recent extensions by Brandão et al. ͓J. Chem. Phys. 121, 8861 ͑2004͔͒ which provide an improved description of the van der Waals interaction. Good agreement is observed for this system between quasiclassical and quantal results for incident kinetic energies above the tunneling regime. Quantum-mechanical calculations also confirm recent theoretical predictions of a strong collision-energy dependence of the OH͑vЈ =0͒ /OH͑vЈ =1͒ product branching ratio in the O͑ 3 P͒ +H 2 ͑v =1͒ reaction, which explains the differences observed in OH vibrational populations between experiments using different O͑ 3 P͒ sources.
I. INTRODUCTION
The O͑ 3 P͒ +H 2 reaction is of major importance in combustion 1 and upper atmosphere 2, 3 and interstellar chemistry. 4, 5 The reaction has long been served as a prototype for the investigation of the hydrogen abstraction mechanism and has been extensively studied both theoretically and experimentally, as shown by the variety of potential-energy surfaces ͑PESs͒ and dynamics calculations 3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and the wealth of experimental reaction-rate constants reported over the last three decades. 18, [24] [25] [26] [27] [28] [29] [30] [31] Advances in high-velocity O-atom sources led recently to the first measurements of the relative excitation function for the title reaction, using a crossed-molecular-beams apparatus in conjunction with a high-purity source of hyperthermal O͑ 3 P͒ atoms. 18 Owing to this experimental breakthrough and the availability of new ab initio PESs of chemical accuracy, 16, 22 there currently is a renewed theoretical interest in the title reaction. 3, [18] [19] [20] [21] [22] [23] Recently, Braunstein et al. 20 reported the excitation function for O͑ 3 P͒ +H 2 ͑v =0−3, j =0͒ → OH+ H calculated with the quasiclassical trajectory ͑QCT͒ and time-dependent quantum-mechanical ͑TDQM͒ scattering methods on the PESs of Rogers et al. 16 QCT reaction cross sections for H 2 ͑v Ͼ 0͒ were found to overestimate TDQM results by as much as a factor of Ϸ2 near threshold, although the agreement is gradually restored as the collision energy is increased. Using the same PESs, time-independent coupled-channel quantum scattering calculations by Balakrishnan 21 obtained cross sections in close agreement with the experiment and TDQM results. The calculations also predicted a strong collision-energy dependence of the OH͑vЈ =0͒ /OH͑vЈ =1͒ product branching ratio near the threshold of the O͑ 3 P͒ +H 2 ͑v =1͒ reaction. These results suggest that the differences observed in the OH vibrational populations between the experiments of Light 26 and Han et al. 31 may be attributed to the use of O͑ 3 P͒ sources with different velocity distributions.
In this paper, we present QCT and time-independent quantum-mechanical ͑QM͒ scattering calculations for the O͑ 3 P͒ +H 2 ͑X 1 ⌺ g + ; v =1−3, j =0͒ → OH͑X 2 ⌸͒ +H͑ 2 S͒ abstraction reaction at low collision energies to explore the sensitivity of the dynamics to the details of the interaction potential. The dynamics of the reaction have been investigated for zero total angular momentum using the lowest 3 A Љ potential-energy surface developed by Rogers et al. 16 namics at energies near the reaction threshold. Recent advances in the cooling and trapping of molecules and the creation of Bose-Einstein condensates of diatomic molecules have generated considerable interest in low-temperature molecular collisions and potential possibility of studying chemical reactivity in ultracold gases. Since methods such as photoassociation and magnetoassociation involve vibrationally excited molecules as intermediates, there is also considerable interest in elastic, inelastic, and reactive collisions involving translationally cold, vibrationally excited molecules. Ultracold molecules are also of considerable interest in rapidly evolving areas of molecular interferometry, 54 precision spectroscopy, 55, 56 quantum information science, and quantum computing. [57] [58] [59] [60] The characteristics of the PESs of Rogers et al. 16 and Brandão et al. 22 are briefly reviewed in Sec. II of the paper, followed by a description of the computational methods. In Sec. III, we report initial-state-selected probabilities and cross sections for reactive, elastic, and inelastic scatterings as well as the collision-energy dependence of the OH vibrational product branching ratio. The effect of van der Waals interaction and the comparison between QCT and QM calculations are also addressed in this section. A summary of our findings is presented in Sec. IV.
II. COMPUTATIONAL DETAILS

A. Potential-energy surfaces
Scattering calculations reported in this study have been performed using the analytic representation of the lowest H 2 O͑ 3 A Љ ͒ PES developed by Rogers et al., 16 referred hereafter to as GLDP PESs, and two of its variants proposed by Brandão et al., 22 namely, the BMS1 and BMS2 PESs. Rogers et al. 16 employed an iterative approach between ab initio calculations and generalized London-EyringPolanyi-Sato double-polynomial ͑GLDP͒ fitting to produce their PES. Ab initio calculations consisted of completeactive-space self-consistent-field ͑CASSCF͒ computations using the internally contracted configuration-interaction ͑ICCI͒ method including all single-and double-excitation configurations with Davidson correction ͑ϩQ͒. Calculations were carried out with regular accuracy for 951 nuclear geometries, and with high-accuracy for a subset of 112 of these geometries. The correlation-consistent polarized valence quadruple-͑cc-pVQZ͒ and quintuple-͑cc-pV5Z͒ basis sets were used for the regular-and high-accuracy calculations, respectively. The GLDP method was utilized to fit the PES built from ab initio data and virtual points were used to remove unphysical features caused by the form of the fitting function. The resulting GLDP PES is characterized by an abstraction saddle point at R HH = 1.7179a 0 and R OH = 2.2766a 0 , a barrier height of 0.5796 eV, and a van der Waals well depth of 9 meV along the minimum-energy path. These values appear slightly different from those reported in the original work of Rogers et al. 16 Based on the ab initio data calculated by Rogers et al., 16 Brandão et al. 22 developed new PESs using the double many-body expansion ͑DMBE͒ formalism and a semiempirical functional form to explicitly account for long-range interactions. This modification deepens the van der Waals well at collinear abstraction geometry ͑C ϱv symmetry͒, compared to the GLDP PES of Rogers et al. for which the 3 ⌺ PES ͑ 3 A Љ at C s geometries͒ has been neglected. The resulting fitted surface with the best overall smoothness and rms deviation, referred to as BMS1, exhibits a van der Waals well with an energy minimum of 22 meV for the C ϱv geometry. For the perpendicular configuration ͑C 2v symmetry͒ of the O¯H − H complex, the well is only 12 meV deep due to the strong anisotropy of the van der Waals valley. The BMS1 PES is also characterized by an abstraction saddle point at R HH = 1.7424a 0 and R OH = 2.2730a 0 and a barrier height of 0.567 eV.
An alternative surface, referred to as BMS2, was then recalibrated by Brandão et al. 22 to reduce the depth of the valley at the cost of an increase of the average deviation to 20 meV, due to the less accurate fitting of ab initio data for the van der Waals region near C 2v configurations. As a residual effect of this fitting for BMS2, the abstraction saddlepoint position is now at R HH = 1.7393a 0 and R OH = 2.2692a 0 and the barrier height is 0.565 eV, i.e., lower than the barrier height of the BMS1 PES by 2 meV. The BMS2 surface is characterized in turn by van der Waals well depths of 15 and 9 meV for C ϱv and C 2v configurations, respectively. Including the zero-point energy of the reactants and products, the O͑ 3 P͒ +H 2 ͑v =1, j =0͒ → OH͑v =0, j =0͒͑X 2 ⌸͒ +H͑ 2 S͒ reaction has an exoergicity of 0.427 eV for the GLDP PES and 0.440 eV for the BMS1 and BMS2 PESs. Figure 1 presents the minimum-energy paths for the title reaction for the GLDP, BMS1, and BMS2 PESs.
B. Scattering calculations
The O͑ 3 P͒ +H 2 reaction is expected to proceed on multiple potential-energy surfaces due to the spin-orbit coupling in atomic oxygen. However, previous studies suggest that the couplings between the lowest 3 A Љ and 3 A Ј PESs as well as the couplings and intersystem crossing effects arising from the singlet-triplet interaction can be neglected for scattering at collision energies below 1.0 eV. 12, 17, 18, 61, 62 Consequently, the reaction dynamics are accurately described by scattering calculations carried out separately on the 3 A Љ and 3 A Ј PESs. In addition, since the higher-lying 3 A Ј PES is expected to have only a limited influence on the collision dynamics at low temperatures, calculations presented hereafter for the 3 A Љ PES have not been weighted by a multiple-surface coefficient. For thermal temperatures, however, results obtained on each PES should be weighted by a multiple-surface coefficient of 1 / 3.
9,21
Quantum reactive scattering calculations have been performed using the ABC implementation of the coupledchannel hyperspherical coordinate method. 63 The Schrödinger equation for the motion of three nuclei on a single Born-Oppenheimer PES is solved in coupled-channel hyperspherical coordinates with the scattering boundary conditions applied exactly. For all arrangements of the collision products, parity-adapted S-matrix elements,
, are calculated for each ͑J , P , p͒ triple, where J is the total angular momentum quantum number, and P and p are the triatomic and diatomic parity eigenvalues, respectively. Here, v and j denote the diatomic vibrational and rotational quantum numbers and k is the helicity quantum number for the reactants, their primed counterparts referring to the products. Parity-adapted S-matrix elements are then converted to their standard helicity representation,
, and initial-stateselected probabilities are computed as a function of the kinetic energy according to
as well as initial-state-selected energy-dependent cross sections ͑excitation functions͒,
where k vj is the incident channel wave vector and the helicity quantum numbers k and kЈ are restricted to the ranges 0 ഛ k ഛ min͑J , j͒ and 0 ഛ kЈ ഛ min͑J , jЈ͒. For J = 0 and s-wave scattering in the incident channel, the sum in Eq. ͑1͒ reduces to a sum over the product quantum numbers vЈ and jЈ. Converged scattering probabilities in each of the arrangement channels of O + H 2 ͑v =1−3, j =0͒ collisions were obtained using a rovibrational basis set specified by a maximum rotational quantum number j max = 15 and a cut-off energy E max = 3.0 eV. Convergence with respect to the logderivative propagation was achieved by setting max = 100.0 a . u. for the maximum value of the hyper-radius and ⌬ = 2.5ϫ 10 −3 a . u. for the size of the propagation sectors. Based on iterative convergence tests, quantum scattering calculations reported hereafter are expected to have a numerical accuracy better than 5%.
Quasiclassical trajectory calculations have also been carried out to determine the reaction probability P vj J=0 ͑E kin ͒ in O+H 2 ͑v =1−3, j =0͒ collisions. Since the general method of the QCT calculations has been described in detail elsewhere, 64, 65 we focus here only on the aspects of the present work. As the quantum calculations have been performed with zero total angular momentum, the QCT impact parameter was set to be zero in all calculations.
Due to differences between the PESs, the parameters involved in the QCT calculations have been optimized for each surface, in particular, the initial atom-diatom distance and the integration time step. As the BMS1 and BMS2 PESs have the same diatomic potentials the classical turning points are identical; however, they have been recalculated independently for the GLDP PES. For all the calculations on BMS1 and BMS2, trajectories were started at an O¯H 2 center-ofmass distance of 15.0 Å. The integration time step was chosen to be 8.0ϫ 10 −17 s to secure conservation of the total energy within an error of 0.001%. For the calculations on the GLDP surface, we found it sufficient to start the trajectories at an initial O¯H 2 separation of 8.0 Å. This lower distance reflects the absence of van der Waals interactions on this PES. However, we noticed that to achieve a similar energy accuracy we needed a step size of 3.0ϫ 10 −17 s for the initial diatomic quantum state v = 1 and j = 0 and 1.0ϫ 10 −17 s for calculations with initial states v =2,3 and j =0.
QCT calculations have been performed for collision energies from threshold to 0.60 eV with an increment of 0.05 eV, using batches of 10 000 trajectories. The threshold energy has been assessed by trial and error using steps of 0.01 eV until no reactive trajectory has been found in a batch of 100 000 trajectories. From the QCT results, the reaction probability, P vj J=0 ͑E kin ͒, is computed according to
Initial state-selected probability for OH formation in the O + H 2 ͑v =1−3, j =0͒ collisions as a function of the incident kinetic energy. Same conventions as in Fig. 1 for the different PESs.
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where N r is the number of reactive trajectories within the total calculated, N t . The associated 68% error limit is given by
III. RESULTS AND DISCUSSION
Initial-state-selected probability for OH formation in O +H 2 ͑v =1−3, j =0͒ collisions derived from QM calculations on the GLDP, BMS1, and BMS2 PESs are presented in Fig.  2 as a function of the incident kinetic energy. At low temperatures, reaction probabilities are small due to the dominance of quantum tunneling of the hydrogen atom as the reaction mechanism. In this regime, the strong increase of reactivity with vibrational excitation of the reactants is also typical of reactions exhibiting a potential barrier along the reaction pathway. 48, 51 The BMS1 PES describes the longrange interaction more accurately than the BMS2 PES, which has a slightly reduced van der Waals well depth, and the GLDP PES which has an almost insignificant long-range interaction ͑cf. Fig. 1͒ . Thus, reaction probabilities calculated at low collision energies using the BMS1 PES should be considered the most reliable. In the zero-temperature limit, details of the van der Waals interaction significantly affect the reactivity, as shown for v = 2 and 3 by the three orders of magnitude differences between reaction probabilities calculated on the GLDP and BMS2 PESs. Part of these differences can be accounted for by zero-energy resonance enhancement of the reactivity on the BMS2 PES, as suggested by the curvatures in the energy-dependent probabilities near Ϸ6 ϫ 10 −7 and Ϸ9 ϫ 10 −7 eV for v = 2 and 3, respectively. For O + H 2 ͑v =3, j =0͒ scattering on the BMS2 PES, a binding energy of 8.42ϫ 10 −7 eV was calculated for the quasibound level responsible for the zero-energy resonance using the scattering length approximation, ͉E b ͉ = ប 2 /2␣ 30 2 , where is the reduced mass of the O − H 2 system and ␣ 30 is the real part of the scattering length in the zero-temperature limit. We found ␣ 30 = + 70.35 Å for scattering on the BMS2 surface using the identity
where S vj el is the elastic component of the S matrix and k vj is the wave vector in the incident channel. For v = 1, a similar zero-energy resonance arising from a quasibound level with a binding energy of 5.55ϫ 10 −7 eV has already been predicted for the BMS1 PES. 53 For v = 2, the negative value of ␣ 20 = −60.96 Å for scattering on the BMS2 PES suggests that a virtual state lying close to the threshold is responsible for the broad resonance centered around Ϸ6 ϫ 10 −7 eV. For translational energies beyond Ϸ2 ϫ 10 −5 eV for v = 1 and Ϸ4 ϫ 10 −4 eV for v = 2 and 3, the contribution of zero-energy resonances vanishes and reaction probabilities become higher for potentials with shallower van der Waals wells. However, the GLDP/BMS1 probability ratio, which peaks near 10 −3 eV kinetic energy, rapidly decreases from a value of 140 to 25 with vibrational excitation from v =1 to 3 of H 2 , thus illustrating the vanishing influence of the van der Waals interaction. This effect is particularly noticeable between the GLDP and the BMS1 PESs, the latter exhibiting a 13 meV deeper well at C ϱv geometry, although a similar trend is observed between the BMS1 and BMS2 PESs, for which the well depth differs by 7 and 3 meV for C ϱv and C 2v configurations, respectively. For translational energies in the range of 0.02− 0.06 eV, several sharp peaks appear in reaction probabilities for v =1−3. Using the Fourier grid Hamiltonian ͑FGH͒ method 66, 67 to perform bound-and quasi-bound-state calculations, these features have been identified as Feshbach resonances arising from the decay of quasibound states of the O¯H 2 van der Waals potential in the entrance channel correlating with the H 2 ͑v =1−3, j =2͒ manifolds. Details of the FGH calculations have been given previously. 53 For collision energies beyond 0.1 eV, broad resonances appear in the energy-dependent reaction probabilities for all three PESs due to the decay of the ͑v =1−3, j ജ 4,t ജ 0͒ metastable states, where t is the O − H 2 ͑v , j͒ van der Waals stretching vibration quantum number. FGH energy eigenvalues, binding energies, and assignments of the quasibound states of the O¯H 2 van der Waals complexes are reported in Table I. QCT results are displayed in Fig. 3 , superimposed on QM calculations, for initial-state-selected reaction probabilities in O + H 2 ͑v =1−3, j =0͒ as a function of the collision energy. No reactivity is predicted by QCT calculations at very low collision energies, consistent with the fact that QCT calculations neglect tunneling, the preponderant reaction mechanism for collision complexes with low internal energy. The QCT reactivity threshold shifts to lower energies with increasing vibrational excitation of the reagent since less incident kinetic energy is needed to overcome the reaction barrier. Good agreement is observed between QCT and QM probabilities at higher energies, with noticeable differences due to broad Feshbach resonances in the QM calculations arising from the decay of O¯H 2 ͑v , j ജ 4,t ജ 0͒ ͑cf. Table I͒. With increasing vibrational excitation, these resonance structures tend to become denser and stronger. Figure 4 shows J = 0 cross sections for elastic and inelastic scatterings in O + H 2 ͑v =1−3, j =0͒ collisions as a function of the incident kinetic energy. Below 10 −6 eV of translational energy, inelastic cross sections vary inversely as the collision velocity in accordance with Wigner's threshold law, 68 except for v = 1 with the BMS1 PES and for v =2,3 with the BMS2 PES where zero-energy resonances push the Wigner threshold into the ultracold domain ͑E kin ഛ 10 −7 eV͒. These resonances also significantly enhance inelastic scattering in the limit of zero incoming energy. For collision energies high above the van der Waals well the importance of long-range interactions tends to diminish, leading to nearly identical values for elastic cross sections on all three surfaces. In the vicinity of 4 ϫ 10 −2 eV, inelastic cross sections for all three surfaces exhibit thresholds of several orders of magnitude due to the opening of the H 2 ͑v =1−3, j =2͒ channels. Since the topology of the H 2 asymptote is nearly 
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Dynamics of the O͑identical for all three PESs, corresponding energies for j =2 ← j = 0 rotational excitation appear nearly degenerate. Product vibrational-state resolved probabilities for the O+H 2 ͑v =1−3, j =0͒ → OH͑vЈ͒ + H reaction on the BMS1 PES are depicted in Fig. 5 as a function of the collision energy. In the translational energy range considered, vЈ =0 − 2 levels are energetically accessible for collisions with H 2 ͑v =1͒ and vЈ levels up to 4 become open for v = 3. Similar to previous QCT and QM calculations performed for nonzero J values on the GLDP PES, 10, 20, 21 OH molecules are found to form predominantly in the same vibrational levels as the initial vibrational level of H 2 . The only exception is for H 2 ͑v =1͒, where the probability for OH͑vЈ =1͒ formation close to the threshold is notably suppressed due to the small kinetic energies of the outgoing waves at the opening of this product channel. Let us note that Feshbach resonances discussed earlier appear in all product vibrational-state resolved probabilities since van der Waals complexes are formed in the entrance channel of the collision.
In Fig. 6 we provide the product branching ratio OH͑vЈ =0͒ /OH͑vЈ =1͒ in the O + H 2 ͑v =1, j =0͒ → OH͑vЈ͒ + H reaction for collision energies ranging from Ϸ2 ϫ 10 −3 to 0.5 eV. Owing to the endoergicity of the O + H 2 ͑v =1, j =0͒ → OH͑vЈ =1, jЈ =0͒ + H reaction, this product branching ratio is constrained by a lower energy limit of 0.0133 eV for the GLDP PES and 2.4ϫ 10 −3 eV for the BMS1 and BMS2 PESs. The ͑vЈ =0͒ / ͑vЈ =1͒ ratio appears extremely sensitive to the collision energy on the energy range investigated. This is consistent with the all-J calculation reported on the GLDP PES previously. 21 Even though nonzero angular momenta needed to be included for accurate determination of cross sections at energies above the reaction threshold, J = 0 calculations appear to predict the correct energy dependence of the OH͑vЈ =0͒ /OH͑vЈ =1͒ product branching ratio. In the deep tunneling regime near the opening of the OH͑vЈ =1͒ channel, OH͑vЈ =0͒ formation is several orders of magnitude larger than vЈ = 1 formation for calculations performed on all three PESs. Beyond Ϸ5 ϫ 10 −2 eV this trend is inverted, up to Ϸ0.5 eV where the OH͑vЈ =2͒ channel opens up and the OH͑vЈ =0͒ and OH͑vЈ =1͒ populations become equilibrated. This is consistent with recent experimental findings by Han et al., 31 who predicted a value of 25 for this product branching ratio for a translational energy below 0.0415 eV, as well as the measurements by Light 26 indicating that OH͑vЈ =1͒ is preferentially formed at 0.17 eV of translational energy. The branching ratio for BMS2 is much larger than for BMS1 at low collision energies due to its slightly lower energy barrier ͑2 meV lower than the BMS1 PES͒, facilitating the tunneling of the H atom to populate the OH͑vЈ =0͒ channel. For incident kinetic energies of around Ϸ0.1 eV, the ratio predicted using the GLDP PES appears significantly smaller than for the BMS1 and BMS2 PESs. As shown in Fig. 7 , which depicts rotational populations of the OH͑vЈ =0,1͒ levels in O +H 2 ͑v =1, j =0͒ at 0.1 eV of incident kinetic energy, the probability for OH͑vЈ =1͒ formation with the GLDP PES is larger than its BMS1 and BMS2 counterparts. The distribution of OH rotational states populated for vЈ = 1 is relatively narrow ͑jЈ =0−6͒ and peaks at jЈ = 1, while for vЈ = 0 it covers the range of jЈ =0−15 and reaches a maximum at jЈ =7. This difference stems from the limited amount of kinetic energy available to populate the vЈ = 1 channel.
IV. CONCLUSION
We have investigated the dynamics of the O͑ 3 P͒ +H 2 ͑v =1−3, j =0͒ reaction in the vicinity of the reaction threshold using quasiclassical trajectory and quantum-mechanical scat- tering calculations on three representations of the H 2 O͑ 3 A Љ ͒ electronic state, differing essentially in their description of the van der Waals interaction. Both QCT and QM scattering calculations show a strong sensitivity to the topological details of the van der Waals interaction potential. The QCT method successfully reproduces QM results for this system for incident kinetic energies above the tunneling regime. However, quantum calculations are required to accurately describe the reaction dynamics in this regime and predict crucial features such as zero-energy resonances at ultracold temperatures or Feshbach resonances arising from the decay of low stretching vibrational levels of the O¯H 2 ͑v =1 −3, j͒ van der Waals complexes.
The dispersion of the OH͑vЈ =0͒ /OH͑vЈ =1͒ product branching ratio observed in experiments using different O͑ 3 P͒ sources for the O + H 2 ͑v =1͒ reaction also appears in our quantum-mechanical calculations with zero total angular momentum due to a strong dependence of the OH vibrational populations on the collision energy. A similar trend at low temperatures has been predicted by recent QM scattering calculations accounting for higher total angular momenta but using the GLDP PES, which provides a limited description of long-range interactions. 21 Scattering calculations for J Ͼ 0 on the newly developed BMS1 and BMS2 surfaces are in progress and will be the topic of a forthcoming paper.
The calculations show that the results are very sensitive to the details of the van der Waals interaction at low energies and that the BMS1 surface, which provides the best description of the van der Waals interaction in the entrance channel of the reaction, should be used for the calculation of the title reaction at low energies. 
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